Partitioning experiments of rare earth elements (REEs) between calcite and aqueous (CaCl 2 + NaCl) solution at 25°C and 1 atm have been made in order to elucidate the incorporation process of seawater REE into marine limestones. Calcite-supersaturated solution doped with REE was constantly pumped into a reactor, in which calcite seeds and the solution were mixed and CO 2 + N 2 gas was bubbled to allow calcite overgrowths. Absolute values of REE partition coefficients, and REE analyses of upper Paleozoic Japanese Ishimaki and Tahara limestones, REE abundance patterns for seawater coexistent with the marine limestones have been calculated provided that pH, ∑CO 2 and salinity are the same in the ancient and present times. The calculated patterns are quite similar to those for relatively deep waters at around 400 to 1000 m in the modern Pacific. Ishimaki and Tahara limestones are of the seamount-type. Hence, the calculated seawater REE patterns with large negative Ce anomalies suggest that the incorporation of seawater REE into the limestones occurred in moderately deep water, probably because of subsidence of volcanic seamounts that were capped by Ishimaki and Tahara limestones.
INTRODUCTION
Many studies of seawater rare earth elements (REEs) have been reported (Nozaki and Alibo, 2003 and references therein) . Most of them have paid attention mainly to vertical profiles of REE and Ce anomaly in seawater columns, and they have paid little attention to REE abundance patterns themselves. However, chondrite-normalized REE abundance patterns for seawater show concave tetrad effect variations (Masuda and Ikeuchi, 1979; Kawabe et al., 1998) , in addition to negative Ce anoma-type limestones, although the whole REE patterns for the limestones are different from those for seawater. Seawater-normalized REE patterns for the limestones show significant fractionation from light to heavy REE and slightly convex tetrad effect variations . There may be room for arguments on whether present-day seawater is really similar to ancient seawater with respect to REE abundances and on which water sample of present-day seawater is the best for normalization. However, REE fractionation between the seamount-type limestones and seawater is an important clue to consider seawater REE incorporation into marine limestones.
Japanese seamount-type Permian limestones show seawater-like REE characteristics, but REE abundances in ancient seawater involved in the formation of the limestone cannot be directly known. It is difficult to elucidate the mechanism of seawater REE incorporation into the limestones only from field data. Laboratory experimental data on REE partitioning between CaCO 3 and seawater solution can answer the question. Terakado and Masuda (1988) are the first who reported on REE partitioning experiment between CaCO 3 and aqueous solution. Their data are difficult to apply to natural environments probably because compositional changes in solution, especially REE species due to release of carbon dioxide gas, occurred during each experimental run and resulted in precipitation of compositionally heterogeneous crystals in their experimental system. Zhong and Mucci (1995) reported experimental REE partition coefficients between calcite growths over seed materials and artificial seawater solutions at 25°C and 1 atm. They could precipitate compositionally homogeneous calcite crystals using a constant addition technique. Their laboratory experiments and our field data indeed show preferential light REE incorporation into calcite commonly, but their experimental data do not resolve the fine feature of REE fractionation, in particular the lanthanide tetrad effect . Moreover, partitioning data for some of REEs are lacking in both Terakado and Masuda (1988) and Zhong and Mucci (1995) . Therefore, further experimental studies with respect to seawater REE incorporation into marine limestone are needed. In this study, a series of experimental runs of REE partitioning between calcite and aqueous solution at 25°C and 1 atm were carried out.
Carboniferous-Permian and Triassic limestones associated with greenstones occur as exotic blocks in Jurassic clastic sequences in southwest Japan (Sano and Kanmera, 1988; Tanaka et al., 2003) . Such limestone-greenstone units are inferred to represent the upper parts of limestone-capped seamounts. They were possibly scraped off a subducting oceanic crust and juxtaposed into middle Mesozoic clastic rocks at the continental margin at that time. Hence, seamount-type limestones are interpreted to have deposited on a basaltic seamount formed in an openocean realm without terrigenous material input. The REE/ Ca ratios of seamount-type limestones are 10 2 to 10 4 times as high as those of seawater , whereas modern biogenic carbonates like corals (Sholkovitz and Shen, 1995) have approximately the same REE/Ca ratios as seawater. Hence, Tanaka et al. (2003) concluded that seawater REE may have been incorporated into marine Zhong and Mucci (1993). limestones, when originally biogenic carbonates were transformed into inorganic calcite during early diagenesis and secondary growths of calcite occurred in contact with sufficient seawater. REE abundances in ancient seawater coexisting with limestone cannot be derived only from REE analyses of limestone samples, but they can be evaluated from REE data of limestones, if REE partition coefficients between calcite and aqueous solution are available from laboratory partitioning experiments. In estimating REE abundances in ancient seawater, it is desirable to select carefully marine limestone samples without detritus such as seamount-type limestones (Kawabe et al., 1991; Tanaka et al., 2003) , which show well-preserved seawater features. Continental shelf-type limestone can also be used, but it is necessary to examine carefully whether it preserves the seawater signature, because it could be easily affected by terrigenous materials (Mazumdar et al., 2003) .
METHODS
The experimental system, which is schematically illustrated in Fig. 1 , is based on the "constant addition system" reported by Zhong and Mucci (1993) . The primary advantage of this system is the establishment of steady state conditions. Consequently, homogeneous crystals are expected to grow on seed material. Calcite-supersaturated solution (input solution) prepared previously was pumped into the reactor (1L glass beaker) by a peristaltic pump at a constant rate (0.31 ± 0.01 ml/min), where calcite overgrew on seed calcite crystals. The reactor was partly immersed in a water bath maintained at 25 ± 0.2°C. In the reactor, seed calcite crystals and reacting solution were well mixed by bubbling CO 2 (1%) + N 2 (99%) gas and a magnetic stirrer chip. The reservoir of input solution was also immersed in a water bath maintained at 5 ± 0.2°C in order to prevent spontaneous nucleation or precipitation. The cylinder gas of CO 2 (1%) + N 2 (99%) passed through distilled water for saturation before bubbling in the reactor. Weighed amounts (about 1 g) of calcium carbonate (CaCO 3 ), a special grade reagent, was used as seed crystals. At the beginning of each experimental run, a minimum amount of reacting solution (200 ml) for stirring seed crystals was put into the reactor. When the volume of reacting solution reached 1L in the reactor, pumping was stopped. After pH measurement of the reacting solution, seed crystals plus overgrowths and the solution were separated by filtration with a 0.40 µm membrane filter. Aliquots of the input solution were sampled before and after each run to make sure constant REE and Ca concentrations in the input solution during each run.
Measurements of pH were made by a HORIBA D-13 pH meter. The pH meter was calibrated against three pH standard solutions (pH of 4.01, 6.86 and 9.18 at 25°C) before every pH measurement. Precision of pH measurement for a single sample solution was better than ±0.02 pH unit.
Calcite-supersaturated solution, i.e., the input solution, was made from CaCl 2 ·2H 2 O, NaCl and a REE spike solution in a 3-liter Erlenmeyer flask. The REE spike solution (10 ppm each), which included all REEs (lanthanides, Y and Sc), was prepared by mixing and diluting individual REE atomic absorption standard solutions (1000 ppm) with HCl. First, CaCl 2 ·2H 2 O and NaCl were dissolved in distilled water and then the REE spike solution was added. NaOH (0.2 M) was added to the solution to neutralize the nitric acid and hydrochloric acid introduced with the REE spike solution. Then the solution was bubbled by CO 2 (1%) + N 2 (99%) gas for two hours in a water bath maintained at 25 ± 0.2°C. Finally, pH was measured and adjusted with NaOH (0.2 M) solution. The cation compositions in the input solution were as follows: Ca: 0.2 mol/l, Na: 0.05 mol/l and individual REEs: 1 to 100 ppb (Pr, Sm, Tb, Ho and Tm: 2 to 200 ppb taking sensitivities of these REEs in ICP-AES determinations into consideration). The REE concentration level in the input solution was changed in one run to another by two orders of magnitude from 1 ppb to 100 ppb. Experimental conditions for respective runs are listed in Table 1 . REE concentrations in separated seed crystals plus overgrowths, reacting solution and input solution samples in all the runs except Nos. 9 and 10 were determined by ICP-AES combined with a pre-concentration technique utilizing co-precipitation with Fe(OH) 3 and cationexchange column chromatography (Kawabe et al., 1991 (Kawabe et al., , 1994 . In brief, separated seed crystals plus overgrowths were dissolved in HCl and diluted up to 400 ml. Separated reacting solutions were also evaporated up to 400 ml on a hotplate under infrared lamps. The REEs in the sample solutions (400 ml) were coprecipitated with Fe(OH) 3 in order to separate them from the large amount of Ca. Precipitates of Fe(OH) 3 were separated by filtration and dissolved in HCl. These procedures were also repeated for the filtrate to make the recovery satisfactory. REEs were purified by cation-exchange chromatography. Each sample solution was adjusted to 20 ml of 0.36 M HCl solution by evaporation and dilution, and measured by ICP-AES (SEIKO SPS-1500R) with an ultrasonic nebulizer. The REEs in the sample solutions of run Nos. 9 and 10, in which the REE concentrations were too low to be determined by ICP-AES, were purified in the same way as in the runs by ICP-AES, but they were determined by ICP-MS (HP4500). The final sample solutions for ICP-MS were adjusted to 20 ml of 2% HNO 3 solution by evaporation and dilution. The analytical precision for the REE determination was usually less than 5%, and total REE recovery by these procedures was more than 98% except Sc (40 to 60%). The REE impurity in the special reagent-grade CaCO 3 as seed crystals have been determined three times in advance to experimental runs, but they were insignificantly small.
Aliquots of the input solutions before and after each run were sampled and followed by being diluted and adjusted to 100 ml of 0.36 M HCl solutions in order to determine Ca concentrations by ICP-AES (SEIKO SPS-1500R). Similarly, Ca concentrations in the reacted solution were determined by sampling aliquots of the reacted solution after filtration.
First, experimental evaluation of the calcite overgrowths was attempted gravimetrically, and then by difference in Ca concentrations in the reacted and the input solutions. However, reliable values beyond experimental errors could not be obtained. These results indicate that the calcite overgrowths are probably in the order of 10 mg or less. Secondly, amounts of the calcite overgrowths were calculated from compositional differences between the input solutions and the reacted ones using pH measurements, P CO 2 and other parameters including dissociation constants of carbonic acid species. In the calculation, Ca and Na ion pairs with carbonate and bicarbonate ions were considered. Calculated values of calcite overgrowths were about 0.15 to 2.0 g, but these are very unrealistic: if they were true, the amounts of calcite overgrowths could have been determined gravimetrically. The large calculated values may have been caused by biased pH measurements for input solutions in adjusting pH with NaOH (0.2 M). It was possible that carbonic acid species were not fully equilibrated with one another within a short time (about 15 min.) although the 3-liter input solution itself was well mixed. On the other hand, pH measurements for the reacted solutions were reliable because enough reaction time (Table 1) had passed for establishing equilibrium and the input solutions were pumped very slowly (0.31 ± 0.01 ml/min). 
RESULTS
REE partition coefficients between calcite and experimental reacting solution are given by the following equation (Zhong and Mucci, 1995) ;
where X and brackets denote molar fraction and molar concentrations, respectively. It is necessary to determine molar fractions (X REE and X Ca ) in the calcite overgrowths in order to calculate the partition coefficients. As described above, however, reliable experimental X Ca values could not be obtained due to very small amounts of calcite overgrowths. Therefore, in the following discussions the absolute values of K d (REE) will not be considered but only REE distribution patterns, which are given by relative values of
The relative values of logK d (REE) derived from analytical data are listed in Table 2 . Scandium data are not listed because its recovery was not satisfactory. Their patterns show convex tetrad effect variations and Y fractionation from heavy REEs (Fig. 2) . These patterns will be discussed in detail in the following sections.
DISCUSSION

REE species in aqueous solution and CaCO 3
In comparing our experimental REE distribution patterns with those between marine limestone and seawater pairs, it is necessary to consider REE species coexistent in aqueous solution and REE bearing CaCO 3 . According to Ohta and Kawabe (2000a) , major REE species in present-day seawater are carbonate complexes such as REECO 3 + (aq) and REE(CO 3 ) 2 -(aq) . Zhong and Mucci (1995) have presented experimental data suggesting the possibility that REEs are incorporated into calcite by the charge-balanced substitution of 2Ca 2+ = REE 3+ + Na + . Accordingly, it is assumed here that the following two reactions are essentially important when we consider the thermodynamic significance of conventional K d (REE) of (1).
REECO 3
Accommodation of REE 3+ (aq) at Ca 2+ sites of calcite without local charge compensation and/or REE adsorption onto the calcite seeds is not excluded, but it is less important than the charge-balanced substitution.
The aqueous solutions of our runs are different from present-day seawater with respect to pH, ∑CO 2 , cation composition and salinity. Hence, the concentration ratio of the carbonate complexes, [REECO 3 + ]/[REE(CO 3 ) 2 -], is variable according to the reaction (2) and different from the seawater ratio. Therefore, empirical REE distribution patterns based on field data of limestone-seawater pairs cannot be directly compared with those of our experimental data (Fig. 2) , and it is necessary to correct experimental data in order to compare them with those in the seawater condition by means of REE complexation constants as in the next sections. Ohta and Kawabe (2000a) reported that dominant REE(III) species in present-day seawater are REECO 3 + (aq) and REE(CO 3 ) 2 -(aq) from results of their speciation calculations. Similarly, REE(III) speciation in experimental reacting solution under the condition of this study (ionic strength = 0.65, 25°C) was calculated (Fig. 3) Zhong and Mucci (1995) Similarly, the fraction of each REE complex to total REE in the solution is expressed by Fig. 3 . Fraction of each REE species to total REE in experimental (CaCl 2 + NaCl) reacting solution (ionic strength = 0.65, 25°C) at pH = 6.0 to 7.5. The activity coefficients were calculated according to Millero and Schreiber (1982) and Millero (1992) ( Table 3 ). The complex formation constants for each REE complex in Table 4 were used. Activities of bicarbonate and carbonate ions were calculated according to Plummer and Busenberg (1982) . 
REE speciation calculations
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The activity coefficients were calculated according to Millero and Schreiber (1982) and Millero (1992) (Table  3 ). The complex formation constants for each REE complex are listed in Table 4 . Activities of bicarbonate and carbonate ions were calculated according to Plummer and Busenberg (1982) . The results of speciation calculation for our experimental reacting solutions at pH = 6.0 to 7.5 are shown in Fig. 3 . At pH = 6.0, REE 
Correction of logK d (REE) for REE(III)-carbonate complexation
Dissolved REE species in seawater and their abundances are different from those in our experimental reacting solutions. Therefore, the experimental data cannot be directly compared with the empirical REE distribution patterns estimated from field data of marine limestones and present-day seawater pairs. However, such a comparison is possible, if total dissolved REE concentrations in the experimental reacting solution and seawater are converted to the concentrations of single REE species commonly found in both solution systems by means of the complex formation constants for respective REE(III) species. In this study, K d (REE) is corrected to a different form given by the concentrations of REECO 3 + (aq) , which is important in both experimental reacting solution and seawater. In present-day seawater, total dissolved REE is approximately equal to the sum of REECO 3 + (aq) and REE(CO 3 ) 2 -(aq) (Ohta and Kawabe, 2000a Millero and Schreiber (1982) and Millero (1992) .
(b),(c) Activity coefficients of REE(III) complexes are the same values across the series.
On the other hand, Eq. (7) 
Consequently, K d (REE) ω in the experimental runs is derived from Eqs. (1) and (11) 
The expression of logK d (REE) ω is related directly to the equilibrium constant K for the reaction (3); K = a(NaREE(CO 3 ) 2 )/{a(REECO 3 + (aq) )·a(CO 3 2-(aq) )·a(Na + (aq) )}. 
where λ denotes the activity coefficient for NaREE(CO 3 ) 2 Byrne and Lee (1993) in Ohta and Kawabe (2000b) . Mironov et al. (1982) . in CaCO 3 solid solution. All the coefficients of K in the second equation of (14) are collectively expressed by C in the third equation of (14). The equilibrium constant K for reaction (3) is given by Gibbs free energy formations for the species involved in (3) . (aq) ), [Ca] and X Ca in logC are constant across the REE series, the ratio of activity coefficients, γ(REECO 3 + (aq) )/λ(NaREE(CO 3 ) 2 ), may change smoothly across the series. Hence, "the smooth term" in (16) does not mean an exactly constant term but a smooth variation term with respect to the REE series. In this way, the series variations of REE distribution patterns can be expressed in terms of the differences between Gibbs free energy formations for REECO 3 + (aq) and NaREE(CO 3 ) 2 divided by 2.303RT.
(a) Ohta and Kawabe (2000b). (b) Millero (1992). (c)
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Comparison between laboratory and field data
Experimental logK d (REE) patterns in this study show convex tetrad effect variations and Y fractionation from heavy REEs (Fig. 2) . The partition coefficients by Zhong and Mucci (1995) do not agree with our experimental data, and indicate preferential incorporation of light REE into calcite overgrowths. This is possibly caused by the difference of dominant REE species in the experimental solutions between this study and Zhong and Mucci (1995) . REECO 3 + (aq) are dominant in the experimental reacting solutions under the conditions of this study, whereas REE(CO 3 ) 2 -(aq) are dominant in artificial seawater solutions by Zhong and Mucci (1995) .
Relative values of logK d (REE) ω evaluated from the experimental data are listed in Table 5 . REE(III) complex formation constants in Table 4 and activities of anions in the experimental reacting solutions listed in Table  6 were used to calculate these logK d (REE) ω values. Their relative REE distribution patterns are shown in Fig. 4 . Regardless of doped REE concentrations in the experimental input solutions, the relative distribution patterns are approximately parallel with each other except for the light REE (La, Ce, Pr and Nd) portion. The patterns for experimental run Nos. 7 and 8 show small positive Ce anomalies. They may have been caused by Ce oxidation due to contamination of atmospheric oxygen. In Fig. 5 , the values of logK d (Gd) ω are fixed conveniently to zero in order to clarify subtle differences between all the results. The logK d (REE) ω values normalized by logK d (Gd) ω for all runs are in good agreements in the portion from Nd to Lu and Y. However, the log{K d (REE) ω /K d (Gd) ω } values for light REEs (La to Pr) in the experimental runs using solutions with lower REE concentration, especially the values of log{K d (La) ω /K d (Gd) ω } derived from the runs (Nos. 9 and 10) in which solutions with doped REE of 1 ppb levels are smaller than those from other runs utilizing solutions with higher REE concentrations. This may suggest a possibility that partition coefficients of light REEs depend slightly on concentrations in solution within the range of doped REE concentrations of this study. Alternatively the light REEs may have precipitated partly as REE carbonate like REE 2 (CO 3 ) 3 , not as NaREE(CO 3 ) 2 . Nagashima et al. (1973) reported the synthesis of crystalline REE carbonates from REECl 3 solutions by addition of NaHCO 3 or Na 2 CO 3 : At 20°C and 1 atm, lanthanite-type carbonates [REE 2 (CO 3 ) 3 ·8H 2 O] precipitated in the La and Ce solutions, whereas NaREE(CO 3 ) 2 ·nH 2 O precipitated in the other REE solutions. From the plots of Fig. 5 , the relative logK d (REE) ω patterns resulted from the experimental runs such as run Nos. 7, 8, 9 and 10 using solutions with doped REE levels of 1 and 10 ppb are acceptable experimental values except for the Ce data in run Nos. 7 and 8.
Experimental logK d (REE) ω patterns in this study are compared with empirical estimates by the pairs of marine limestones and present-day southwestern Pacific seawater in Figs. 6(a) and (b) . REE data of Ishimaki and Tahara limestones , which are upper Paleozoic seamount-type limestones, and seawater REE data for Coral Sea water samples by Zhang and Nozaki (1996) (Garrels and Christ, 1965) . The concentration of CO 3 2-(aq) was calculated from the given parameters using dissociation constants of Plummer and Busenberg (1982) and Millero and Schreiber (1982) . In the calculation of logK d (REE) ω , carbonate complexation constants are very important because REECO 3 + (aq) and REE(CO 3 ) 2 -(aq) are dominant species in present-day seawater, whereas REECO 3 + (aq) and REE 3+ (aq) are two major species in the experimental reacting solution. However, carbonate complexation constants reported by Ohta and Kawabe (2000b) , which are used in Figs. 3, 4 and 5, are larger than those by other workers (e.g., Liu and Byrne, 1998) . Such differences are probably caused by different methods applied. Ohta and Kawabe (2000b) used a NaCl solution system combined with a Fe oxyhydroxide precipitation method, while a solvent extraction method and NaClO 4 solutions were used in Liu and Byrne (1998) . Hence, the right hand side of (10) for seawater and of (13) for our experimental solution have been calculated by using the two sets of carbonate complexation constants by Ohta and Kawabe (2000b) and Liu and Byrne (1998) (Figs. 6(a) and (b) ). With respect to the patterns obtained for the limestone-seawater pairs, the results are similar in Figs. 6(a) and (b). However, the experimental logK d (REE) ω pattern corrected by the constants of Ohta and Kawabe (2000b) is much closer to those for the limestone-seawater pairs than the experimental result corrected by the set of constants by Liu and Byrne (1998) . This comparison of logK d (REE) ω indicates that differences in REE(III)-carbonate complexation constants between Ohta and Kawabe (2000b) and Liu and Byrne (1998) are significant for our experimental solution system, although the differences are not so critical for the natural seawater systems. Thus, the patterns corrected by the constants of Ohta and Kawabe (2000b) will be discussed in the following sections. The variation patterns of the empirical logK d (REE) ω calculated by using Coral Sea water samples at depths of 0-50 m, 248 m and 795 m are slightly different from one another, and the pattern calculated by using seawater REE data for the water sample at 795 m depth is fairly similar to the experimental distribution pattern (Fig. 6(a) ). Although none of them exactly coincide with the experimental pattern of logK d (REE) ω , it is worth noting the following three common characteristics between the experimental and the field data sets:
(i) Convex tetrad effect variations: This is caused by differences in Racah parameters between REECO 3 + (aq) in experimental reacting solution or seawater and REE(III) in calcite possibly as NaREE(CO 3 ) 2 . The convex nature of experimental and field data based logK d (REE) ω patterns strongly suggest that Racah parameters of REECO 3 + (aq) are larger than those of REE(III) in calcite and present-day Pacific seawater reported by Zhang and Nozaki (1996) Ohta and Kawabe (2000b) and of (b) Liu and Byrne (1998) are shown. According to the result of speciation calculation by Ohta and Kawabe (2000a), REE 3+ (aq) and REESO 4 + (aq) were also considered when logK d (REE) Liu and Byrne (1998) . (Kawabe, 1999; Kawabe and Masuda, 2001) .
(ii) A kink at around Pm, Sm and Eu: This is possibly due to a structural change of NaREE(CO 3 ) 2 in calcite across the series because REECO 3 + (aq) does not show such a change (Kawabe, 1999; Ohta and Kawabe, 2000a) . Schweer and Seidel (1981) reported that a structural change occurs at around Eu and Gd from their results of synthetic study of NaREE(CO 3 ) 2 at 350 to 500°C and P CO 2 = 3 kbar. Their results indicate that the crystal structures of NaREE(CO 3 ) 2 for La-Gd are orthorhombic but those for Tb-Lu are monoclinic. The point of structural change across the NaREE(CO 3 ) 2 series at 350 to 500°C and P CO 2 = 3 kbar, however, may be slightly different from that at 25°C and 1 atm.
(iii) Yttrium fractionation from heavy REEs: Yttrium is always more enriched in solution than the heavy REEs. The average value for experimental K d (Y) ω / K d (Ho) ω is 0.54 in good agreement with those for field data sets (0.49-0.56).
Some discrepancies between experimental and field data for logK d (REE) ω in Fig. 6(a) are possibly due to the seawater data. The Paleozoic limestones did not coexist with "present-day Pacific seawater", while the experimental calcite and the reacting solution indeed coexisted with each other. It is quite possible that "ancient seawater", which was coexistent with these limestones, may be somewhat different from "present-day seawater" with respect to the REE abundance pattern. Even in present-day seawater, there are some recognizable differences in the REE abundance patterns among water samples from various regions and from various depths even at the same region. Nevertheless, the common characteristics as above suggest that our experimental data yield important clues to understand the geochemical process of seawater REE incorporation into calcite.
Estimation of "relative" REE abundance patterns for ancient seawater
Relative REE abundance patterns for late Paleozoic seawater coexisting with Ishimaki and Tahara limestones can be estimated from the averages of experimental logK d (REE) ω in this study (Table 5 ) and the REE analyses of limestones based on Eqs. (8) and (10), provided that late Paleozoic seawater is the same as present-day seawater with respect to pH, salinity and ∑CO 2 . In calculating relative values of REE abundances for late Paleozoic seawater, it was assumed that ∑CO 2 is 2.35 × 10 -3 M in seawater with pH = 8.0 and S = 35‰ at 25°C and 1 atm, where the concentration of CO 3 2-(aq) is 3.16 × 10 -5 M. Estimated relative REE abundance patterns normalized by chondrite for late Paleozoic seawater are very similar to those for present-day Pacific seawater in the Coral Sea (Fig. 7) . In particular, the estimated patterns quite resemble those for moderately deep waters at around German and Elderfield (1990) , Piepgras and Jacobsen (1992) , Bertram and Elderfield (1993) , Sholkovitz et al. (1994) , German et al. (1995) and Zhang and Nozaki (1996) . (Table 5 ) and analyses of Ishimaki and Tahara limestones Zhang and Nozaki (1996) . C1 chondrite values reported by Anders and Grevesse (1989) are used for normalization. Vertical displacements of respective REE variation patterns are arbitrary. 400 to 1000 m. Heavy REE for the Coral Sea water samples is more enriched in deeper waters than in shallower ones. Moreover, Y/Ho weight ratios for late Paleozoic seawater estimated from Ishimaki and Tahara limestones are 75 and 78 respectively, whereas those for the Coral Sea water samples at depths of 0-250 m range between 76 and 98, and at depths of 400-1500 m between 72 and 76. Hence, the seawater REE patterns for Coral Sea waters shallower than 250 m are not comparable with those estimated here because of these distinct heavy REE and Y features. It is known that present-day seawater samples show large negative Ce anomalies. The negative Ce anomalies tend to become larger with water depth from surface to about 1000 m and their average values are approximately constant below 1000 m (Fig. 8) . Judging from Fig. 8 , Ce anomalies for the estimated seawater REE patterns from Ishimaki and Tahara limestones correspond to those for present-day seawater not deeper than 1000 m. The estimated REE patterns for ancient seawater of Fig.  7 and their negative Ce anomalies suggest that seawater REE were incorporated from relatively deep water into limestones during early diagenetic process. The original biogenic carbonates may have formed at shallow water depth less than 250 m, but incorporation of seawater REE into the limestones occurred in moderately deep seawater (400 to 1000 m), probably because of subsidence of volcanic seamounts that were capped by the limestones (Grigg, 1997) .
CONCLUSIONS
REE partitioning experiments between calcite and aqueous (CaCl 2 + NaCl) solution at 25°C and 1 atm have been carried out in order to understand seawater REE incorporation into marine limestones. The following conclusions were drawn:
1 (REE) ω and REE analyses of the marine limestones, provided that pH, ∑CO 2 and salinity of seawater are the same between the ancient and present times. The calculated REE patterns for ancient seawater resemble those for present-day Pacific waters at moderate depths of around 400 to 1000 m. 5) Ishimaki and Tahara limestones are of the seamount-type. Hence, the calculated REE patterns with large negative Ce anomalies imply that incorporation of seawater REE into the limestones occurred in moderately deep water, probably because of subsidence of volcanic seamounts that were capped by Ishimaki and Tahara limestones.
